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Engineering	
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Engineering	of	an	X-ray	Mirror	Assembly	
•  Take	into	account	of	the	four	technical	elements	and	other	
technical	knowledge	and	experience	to	arrive	at	a	design	that	
meets	all	requirements:	
– Optical	design,	and	stray	light	baffling,	
– Structural	(aka	mechanical)	design,	
– Thermal	design,	
– Gravity	release	consideration,	and	
– Contamination	control,	etc.	
•  Analyze	the	designs	using	finite	element	analysis	and	conduct	
tests	and	experiments	to	verify	the	analytical	models.	
24	
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Optical	Design	and	Stray	Light	Baffling	
•  This	technology	is	capable	of	implementing	every	conceivable	optical	design.	
For	a	mission	like	Athena,	we	would	adopt	a	Wolter-Schwarzschild-Saha	
design,	which	is	a	traditional	W-S	design	with	optimized	off-axis	PSF.	
•  This	technology	can	accommodate	easily	both	external	(cylindrical)	baffle	and	
internal	(annular)	baffle.	For	Athena,	we	will	need	only	the	external	baffle.	
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William	W.	Zhang			NASA	Goddard	Space	Flight	Center	NASA-ESA	Bilateral	7/10/2018	
Two	Ways	to	Build	an	Athena	Mirror	Assembly	
•  The	meta-shell	approach	
– The	“native”	approach	
– Advantages	
– Disadvantages	
	
•  The	stack	approach	
– The	“traditional”	approach	
– Advantages	
– Disadvantages	
26	
Credit:		E.	Breunig,	J.	Eder		(MPE)	
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The	Meta-Shell	Approach	
•  Performance	Parameters	
–  10	meta-shells,	28,466	mirror	segments.	
–  Mirror	Assembly	Mass:	895	kg,	stray	light	
baffles	included.	
–  Effective	area	(@1keV):	1.4	m2,	assuming	
simple	iridium	coating.	
•  Advantages	
–  Very	efficient	use	of	aperture	and	mass;	
Meets	Athena	requirements	without	the	
need	for	any	special	coating.	
–  Easy	to	test	and	integrate	into	the	final	
mirror	assembly.	
•  Disadvantages	
–  Difficult	to	manage	spares.	
27	
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The	Stack	Approach	
•  Performance	parameters	
–  582	stacks	(or	mirror	modules);	29,568	mirror	segments.	
–  Mirror	Assembly	Mass:		~800	kg,	stray	light	baffles	included.		
–  Effective	area	(@1keV):		1.2	m2,	assuming	simple	iridium	
coating.	
•  Advantages	
–  Many	identical	and	therefore	interchangeable	stacks/
modules,	making	it	easy	to	manage	spares.	
–  Similarity	to	the	Athena	baseline	approach.		
•  Disadvantages	
–  Must	use	some	special	coating	to	meet	effective	area	
requirement.	
28	
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Credit:	J.	Eder	(MPE)	
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Structural	Robustness:	Testing	
•  Test#1:	a	mockup	for	a	stack	of	mirrors	
–  An	aluminum	base	simulating	structural	
shell.	
–  A	bonded	silicon	mirror	segment.	
–  An	aluminum	dummy	mass.	
•  Test#2:	a	mockup	for	a	meta-shell	
–  Aluminum	structural	shell.	
–  3	layers	(54	mirrors,	432	bonds)	of	mirrors.	
–  8	bonded	flexures.	
•  Test	Results	
–  Both	survived	required	random	vibrations.	
–  Both	survived	required	quasi-static	loads	
(12.3	g).	
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Thermal	Engineering:	Design	
•  Excellent	thermal	properties	of	silicon	
– Low	thermal	expansion,	and	
– High	thermal	conductivity.	
•  Each	meta-shell	is	tightly	coupled	together	thermally	
– Radiation,	and	
– Conduction:	structural	shell,	spacers,	and		mirror	segments.	
•  Each	mirror	segment	is	heated	two	ways	
– Radiation	from	thermal	baffles	and	other	objects	in	line	of	sight,	and	
– Conduction	from	heaters	attached	to	structural	shell.	
30	
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Thermal	Engineering:	Analysis	
31	
On-orbit	thermal-induced	PSF	degradation:	~	0.1	arc-seconds.	
Degree	C	
Thermal	Gradient	Map	 Thermal	Gradients	on	Mirror	Segment	
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Gravity	Release	
•  Each	mirror	is	supported	by,	and	bonded	to,	4	spacers,	whose	
locations	are	optimized	such	that,	when	gravity	disappears,	
the	mirror	has	the	smallest	possible	deformation.	
– Optimization	done	by	finite	element	analysis,	and	
– Can	be	verified	by	measurement	under	gravity	of	a	bonded	mirror	in	
different	configurations.	
•  Preliminary	analysis	shows	that	a	net	frozen-in	error	of	~0.1”	
HPD	for	a	meta-shell	with	a	diameter	of	300mm.	
32	
On-orbit	gravity-release-induced	PSF	degradation:	~	0.1	arc-seconds.	
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Production	
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Substrate	Fabrication	
•  Quantities	
–  28,466	substrates	of	702	different	prescriptions.	
•  Fabrication	Steps	
–  Grinding,	lapping,	slicing,	etching,	polishing,	thinning,	slotting,	trimming,	etching	
redux,	measurement,	and	IBF	finishing.	
•  Entire	process	completely	understood		
–  At	the	5”	HPD	(HEW)	and	0.5	mm	thickness	level,	and	
–  Expecting	higher	than	90%	yield.	
•  Mass	production	process	can	be	set	up	quickly		
–  Needing	only	commercial-off-the-shelf	equipment	and	materials.	
•  All	mirror	substrates	needed	for	Athena	can	be	manufactured		
–  In	less	than	2	years:		702	mirror	segments	can	be	made	every	workday.		
–  With	1	year	of	preparation	work:	facilities	setup,	procurement	of	long-lead	
items,	etc.	
34	
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Coating	
•  The	7	Steps	to	Achieve	Non-distorting	Iridium	Coating	
– Cleaning,	oxidizing,	stripping,	coating	of	chromium	and	iridium,	
annealing,	measuring,	trimming	of	oxide	layer	using	chemical	etching	
(or	ion-beam	figuring).	
•  The	entire	process	has	been	exercised	multiple	times	
– Understood	at	the	5”	HPD	(HEW)	level.	
– Yield	expected	to	be	near	100%.	
•  A	production	line	can	be	set	up	in	a	matter	of	weeks	
– Needing	only	COTS	equipment	and	materials.	
•  Coating	of	each	substrate	can	be	finished	within	a	few	hours	
of	its	fabrication.	
35	
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Production	of	Meta-Shells	or	Stacks	
•  Alignment	combs	can	be	ordered	from	the	semi-conductor	
industry	
–  Need	about	a	total	of	1,500	combs	of	15	different	prescriptions.	
–  Many	vendors	are	available	to	make	them.	
•  Stacks	
–  A	total	of	~700	stacks/modules	are	needed.	
–  Several	to	many	stacks/modules	can	be	made	every	work	day.	
•  Meta-Shells	
–  A	total	of	10	meta-shells	are	needed.	
–  They	can	be	made	in	parallel.	We	expect	that	all	of	these	meta-shells	can	
be	completed	within	6	months	of	the	completion	of	mirror	fabrication	and	
coating.	
36	
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A	Strawman	Overall	Schedule	
•  T0	–	T0+18	months	(18	months):	TRL-5	demonstration	
–  Build	and	test	stacks	or	meta-shells	with	at	least	three	layers	of	mirror	segments.		
–  These	stacks	or	meta-shells	are	expected	to	meet	every	requirement:	angular	resolution,	
effective	area,	mass,	vibration,	thermal-vacuum,	acoustic,	and	shock.	
•  T0+18	–	T0+42	months	(24	months):	TRL-6	demonstration	and	production	preparation	
–  Build	and	test	stacks	or	meta-shells	that	are	specific	to	Athena	design.	They	will	meet	all	
requirements.	
–  Create	production	plan,	organize	teams,	and	prepare	facilities.	
•  T0+42	–	T0+54	months	(12	months):	Production	Preparation	
–  Hiring	and	training	of	workers.		
–  Commissioning	of	equipment.		
–  Conducting	production	test	runs.	
•  T0+54	–	T0+84	months	(30	months):	Production	and	qualification,	including	both	
performance	and	environmental	testing,	of	all	stacks/meta-shells	
•  T0+84	–	T0+96	months	(12	months)	
–  Integration	of	stacks/meta-shells	into	the	final	mirror	assembly.	
–  Testing	and	calibration	of	mirror	assembly.	
37	
William	W.	Zhang			NASA	Goddard	Space	Flight	Center	NASA-ESA	Bilateral	7/10/2018	
Top-Level	Error	Budget	for	a	5”	Mirror	Assembly	
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Allocation	
(arcsec	HPD)
Determination	&	Verification
Diffraction		contribution 0.20 At	1	keV,	from	calculation	based	on	optical	design.
Geometric		PSF	(on-axis) 1.50 Wolter-Schwarzschild-Saha	design.
Mirror	substrate 1.50 This	number	includes	all	possible	errors	of	a	pair	of	substrates.	Based	on	normal	incidence	optical	measurement	and		x-ray	measurement.
Coating 1.00 For	a	pair	of	mirrors.	Based	on	normal	incidence	measurement	of	substrates	before	and	after	coating,	and	on	x-ray	measurement.
Alignment 0.50 This	number	is	for	a	pair	of	primary	and	secondary	mirrors,		including	errors	of	spacer	heights	and	mirror	settling.	Based	on	Hartmann	measurement	conducted	with	both	visible	light	and	x-rays.
Bonding 0.50
This	number	for	a	pair	of	mirrors,	including	application	of	epoxy,	its	cure,	and	other	effects	related	
to	bonding.	Based	on	finite	elment	analysis	and	modeling	of	epoxy	cure	effect	and	on	Hartmann	
measurement	using	x-rays.
Alignment 0.20 This	number	respresents	the	ability	to	orient	and	translate	and	verify	the	alignment	of	a	meta-shell.	Based	on	optical	Hartmann	measurement	and	fiduciary	laser	beams.
Attachment 0.20 Based	on	optical	alignment	verification	and	end-to-end	x-ray	measurement.
Launch	shift 0.50 Based	on	finite	element		analysis	and	modeling	supported	by	empirical	data	of	epoxy	creep	and	long	term	stability.
Gravity	release 1.00
Based	on	finite	element	analysis	and	modeling	which	is	verified	by	both	optical	and	x-ray	
measurement	of	large	numbers	of	trials	of	individual	mirror	pairs	in	different	orientations	with	
respect	to	gravity.
On-orbit	thermal 1.00 Based	on	thermal	modeling	and	analysis.
2.89 This	is	the	on-axis	performance	of	XMA	on	orbit.	Add	effects	of	jitter	and	detector	pixillation	to	get	the	final	obervatory-level	PSF.On	Orbit	Performance	(RSS)
Ground	to	Orbit	
Effects
Source	of	Error
Optical		
Prescription
Mirror	Segment	
Fabrication
Meta-Shell	
Construction
Integration	of	
Meta-shells	to		
Mirror	Assembly
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Summary	
•  Technology	
–  Can	definitely	meet	the	5”	requirement,	likely	to	achieve	the	3”	goal.	
–  TRL-4	done	for	a	5”	telescope.	Work	continues	to	achieve	ever-better	angular	
resolution.	
–  TRL-5	work	in	progress,	to	be	completed	by	December	2019.		
–  TRL-6	work	to	be	completed	by	December	2019:	a	meta-shell	with	288	mirror	
segments	for	OGRE,	a	sounding	rocket	experiment	led	by	Randy	McEntaffer	of	
Penn	State	Univ.	
•  Engineering	
–  Preliminary	(or	generic)	engineering	indicates	there	is	no	show	stopper.	
–  Further	detailed	engineering	design	and	analysis	specific	to	Athena	are	needed.		
•  Production	
–  This	technology	is	capable	of	massive	parallel	production,	and	should	meet	any	
reasonable	schedule	of	any	spaceflight	mission.	
–  We	expect	that	a	mirror	assembly	can	be	made	for	Athena	within	5	years	of	
authorization	to	proceed,	say,	2021	or	2022.	
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Conception	of	an	Athena	Mirror	Assembly	
40	
Secondaries	
Primaries	
Stray-light	baffles	
Thermal	Baffles	
2.5	m	OD	
0.
5	
m
	
Mounting	flange	
X-rays		
Flexures	
						0.4	m	ID				
28,466	mirrors	à	10	meta-shells	à	1	assembly	
Mass:	~895	kg															Heater	Power:	~1,200	W	
Eff.	Area@1keV:	1.4	m2	with	traditional	Ir	coating	
